Lr 34 is a vital gene in developing resistance to leaf rust, stripe rust, and powdery mildew of wheat. Providing simultaneous resistance to various pathogens has made this gene valuable in breeding for wheat resistance to many diseases. The present study investigates the csLV34 marker's capability in diagnosing this locus in130 wheat commercial cultivars and advanced wheat lines from Iran, and assesses the impact of this gene on disease severity in field conditions. To assess the reactions of cultivars and lines which contained Lr 34 under epidemic conditions of leaf rust, these cultivars were cultivated during the 2009 and 2010 cropping season. Of the 130 studied cultivars, 43 contained Lr 34 . Cultivars that were selected and studied in stress conditions had the most frequent presence of Lr 34 . It can be concluded that this gene plays a vital role in increasing the tolerance of cultivars under stress conditions. Lr 34 seems to cause active transition of materials out of the cell. In addition to being resistant to several important diseases of wheat, Lr 34 can increase tolerance to stresses such as salinity. Considering the calculated value for AUDPC (3% -440%/d) in cultivars containing Lr 34 , it seems that some cultivars contained additional resistance genes. The rate of infection in all cultivars, when presence of Lr 34 was detected through the molecular marker, was lower than in other cultivars. Field results confirmed the results of the analysis using the csLV34b molecular marker.
Introduction
Leaf rust caused by Puccinia triticina (Pt) is the most common and widely distributed of the three wheat rusts. Although losses from leaf rust are usually less damaging than those from stem rust and stripe rust, because of its regular and widespread occurrence, the global leaf rust damages are greater than the other two rust [1, 2] . Wheat leaf rust is present in all wheat growing areas in Iran. In general, leaf rust is the second most important disease of wheat in Iran but in southern areas leaf rust is the most important disease of wheat [3] . The Pt population in Iran is extremely dynamic and a large number of races were found in a recent study of pathogenic variability of Pt population in Iran [4] . Improving the resistance of wheat cultivars to this disease is a preventive strategy with the greatest effect on reducing its damage. Rust resistance genes in wheat can be categorized into two groups: seedling resistance genes and adult plant resistance (APR) genes. Seedling resistance genes appear in both the seedling and adult plant stages and can be recognized; as a result, they show resistance in all phenotypic stages. Seedling resistance genes often lead to a hyper sensitive reaction (cell death-HR) or to lignifications of the cell membrane [5] . Adult plant gene resistance acts non-specifically on race pathogens in the adult plant stage, and cultivars containing these genes are susceptible at seedling stage and have various levels of comparative resistance to disease at the adult plant stage [6] . This type of resistance is called race non-specific gene resistance since there is no relationship between host genes and pathogen genes. Additionally, it provides resistance to all pathogen isolates. Compared with susceptible plants, Lr 34 resistance has a longer period of infection with fewer and smaller uredinial pustules at two weeks after infection [6, 7] .
More than 70 leaf rust resistance genes have been identified, most of which are involved in race-specific category and follow the boom and bust cycle due to the high pathogenic variability of Pt population. Among the race non-specific genes, the Lr 34 /Yr 18 complex [7] , Lr 46 [8] and Lr 67 [9] are the most commonly used genes in global wheat. The Lr 34 gene was initially introduced as an APR gene in cultivar "Frontana" [10] , this gene encoding ATP Binding Cassette (ABC) transporter [7] , with the locus of the gene on the short arm of wheat chromosome 7D [11] .
With few exceptions, the race specific genes are associated with a very short durability. There is increasing interests in identification and development of race-nonspecific slow rusting genes which have been shown to be more durable than race-specific genes [12, 13] . So far leaf rust pathogens have not been reported as virulent on Lr 34 [7, 14] . Lr 34 is genetically linked with the stripe rust adult-plant resistance gene Yr 18 , morphological marker leaf tip necrosis (Ltn1) [15] , and an adult-plant powdery mildew resistance gene (Pm38) [16, 17] . Tolerance to Barley yellow dwarf virus (Bdv1) in Lr 34 carrying cultivars is also reported [18] . The incorporation of leaf rust resistance gene Lr 34 into "Thatcher" background is known to enhance stem rust resistance [10, 11] . These simultaneous resistances to several pathogens have made the Lr 34 /Yr 18 locus one of the most valuable gene regions for disease resistance breeding in wheat. Leaf tip necrosis (Ltn1) has been used as a phenotypic marker for field selection of slow-rusting resistance conferred by Lr 34 / Yr 18 [15] by national and international breeding programs, but because of variable expression of Ltn1 under different environmental conditions and in different genetic background [18] , the leaf tip necrosis could not be used as a reliable and diagnostic marker.
Development and application of molecular markers for Lr 34 /Yr 18 have been an important objective in marker-assisted selection in breeding for durable leaf rust resistance. Application of previously developed markers, such as gwm295 and gwm1220 [19, 20] , has shown their limited use in breeding application due to their low diagnostic capability in precise detection of Lr 34 in different genetic backgrounds. During the last few years significant progress has been made in the development of more closely linked markers for Lr 34 /Yr 18 complex trait such as SWM10 and csLV34 [21] . More recently, [18] confirmed robustness of a tightly linked csLV34 marker with Lr 34 /Yr 18 across a wide range of global wheat germplasm and its utility in wheat breeding. In present study seedling and adult-plant assessment of resistance to leaf rust coupled with application of the tightly linked marker csLV34 with Lr 34 /Yr 18 were used in the characterization of adult-plant resistance of some of the Iranian bread and durum wheat genotypes to leaf rust.
Materials and Methods

Plant Materials
There were 130 commercial wheat cultivars and advanced lines of hexaploid and tetraploid wheat from Iran ( Table 1) . Seeds of test genotypes were obtained from department of cereal research at Seed and Plant Improvement Institute Research (SPII), Karaj, Iran. A set of Thatcher near isogenic lines (TcNILs) were used both at seedling and adult-plant assessments. Seeds of TcNILs were kindly provided by International Maize and Wheat Improvement Center (CIMMYT). The universal leaf rust susceptible cultivar "Thatcher" and a local susceptible cultivar "Bolani" were used in seedling and adult plant tests.
Seedling Test
Assessment of seedling resistance was carried out at cereal rust pathology laboratory at SPII. The 130 test genotypes and leaf rust Thatcher near isogenic lines were used in seedling assessment against a local Pt isolate. Eight to 10 seeds of each genotype were planted in a 9 cm diameter pot filled with potting mix at two replications. The seedlings were grown in a rust-free greenhouse at 20˚C and 16 hours light. At two leaf stage, seedlings were inoculated with the local leaf rust isolate collected from the field trial site at Khuzestan Agricultural Research Station, in south of Iran. This isolate used in seedling tests and field inoculations. Urediniospores stored at −80˚C were first heat shocked at 42˚C for 5 minutes and then mixed with Talcum powder (1:4). Seedlings were inoculated with the talc-spore mixture using a small duster. Inoculated plants were placed overnight in a humid chamber at 17˚C ± 2˚C and dark condition. After the incubation period, plants were placed in a greenhouse with 20˚C ± 2˚C and 16 hrs supplementary light. Seedling infection types were recorded 12 days post-inoculation using; (fleck) and 0 to 4 scale [22] . Infection types; and 0 to 3 were considered resistant reactions, while infection types higher than 3 were considered as susceptible.
Field Experiments
In order to evaluate adult-plant resistance of test genotypes and TcNILs, a field trial was carried out under mist irrigation system at Khuzestan Agricultural Research Center in 2009. Each genotype was planted as two 1-m row plot and 30 cm space. To facilitate inoculum buildup and uniform dissemination of infection, the susceptible cultivar Bolani was planted perpendicular to the rows of entries. Bolani was also planted at each 10 plot intervals. Disease epidemic was created by artificial inocula-ger UV (Gel DocTM XR Bio rad Universal Hood II) was used for visualization and documentation of banding patterns.
tion of the local leaf rust isolate collected from the same site in 2008. Preserved urediniospores were first multiplied on susceptible cultivar Bolani under greenhouse conditions following the above described procedure. Freshly collected urediniospores were mixed with talcum powder and inoculation was carried over entries after misting irrigation at late afternoons by atomizer backpack duster. First inoculation was started at 20 January 2010 when plants were at tillering stage and it was repeated four times at fortnight intervals. Disease severities (0% -100%) were recorded according to the Modified Cobb's scale [23] and the adult-plant reactions were recorded for the major infection types R (resistant), MR (moderately resistant), MS (moderately susceptible) and S (susceptible) according to Roelfs et al. (1992) [24] . Field scoring started from early onset of uniform infections in Bloani with 10 days intervals. Data on the disease severities and infection types were used in calculation of coefficient of infection (CI) for each individual score [24] .The area under the disease progress curve (AUDPC) [25] was then calculated as follows using the CIs for three disease scores:
Results
Molecular Marker Screening
The presence of a 150-bp band is diagnostic of the Lr 34 gene, indicating the presence of Lr 34 in cultivars and lines carrying the gene. This band belongs to the csLV34b allele, which is associated with Lr 34 . Another longer band (229-bp) is produced and belongs to the csLV34a allele, which is associated with the absence of Lr 34 ; i.e. when the cultivar does not contain Lr 34 , and then the longer band is produced. However, in cultivars that are heterozygous both alleles are present and so both bands are generated simultaneously.
Of the130 investigated genotypes, 87 lacked Lr 34 ; shown by the presence of the 229-bpband of allele csLV34a. There were 43 genotypes with Lr 34 , shown by the presence of the 150-bp band. These 43genotypes were divided into two groups: 26 homozygous cultivars with the 150-bp band and17 genotypes with both the 229-and 150-bp bands. Of the 17 hetero zygous genotypes, 15 had unique phenotype markers. In these 15 genotypes, there produced PCR product possessed a threeband pattern consisting csLV34a and csLV34b alleles, both of which were accompanied by an additional band with a higher molecular weight (280 bp). In the study of global wheat cultivars observed the three-band pattern in heterozygous cultivars; however, most heterozygous cultivars had a two-band pattern and cultivars with a three-band pattern were less frequent. Moreover, the positive control sample in the present study was the 150-bp band; and "Thatcher", susceptible "Bolani", and all susceptible cultivars only produced the 229-bp band and the negative control sample (water) had no bands (Figure 1) .
with: i-index for scoring date; y i -Coefficient of leaf rust infection at scoring date i; t i -scoring date i expressed in days after scoring date 1; n-total number of scoring dates in the trial.
DNA Extraction and PCR Analysis
For extraction of genomic DNA, 100 mg of harvested leaves from 14 days old seedlings of each tested genotype was ground to fine powder on liquid nitrogen. The fine powder was immediately transferred into a 2 ml tubes and the small scale DNA extraction protocol was followed as described in CIMMYT applied molecular protocol [26] . PCR reaction was performed in 20 μl for the CsLV34 marker following published protocol [18, 21] in a PTC 100 Thermocycler (MJ Research, Waltham, MA). The PCR product was separated on 1.5% agarose gel containing TBE 0.5× buffer. Digital molecular ima- Among commercial Iranian cultivars, 18 of 64 cultivars contained csLV34b, indicating presence of Lr 34 ; only "Hirmand" and "Bam" which were the result of national crossing program, which had origin in international germplasm.
None of the nine advanced lines bread wheat for the warm and humid climate of northern Iran carried Lr 34 , i.e. they contained csLV34a. Among the nine advanced lines bread wheat for cold climates, three had Lr 34 ; among the 11 advanced lines bread wheat for the warm climate of the south, five carried Lr 34 .
From nine lines bread wheat for mild climates, two had the 150-bp band indicating the presence of Lr 34 .
However, cultivars studied in environmental stress conditions and selected to assess their tolerance of these conditions were totally different as follows. Among the eight chosen advanced lines bread wheat for humid stress conditions, four had Lr 34 (50%). Of the five selected advanced lines bread wheat for saline conditions located in mild climate areas, four contained Lr 34 ; among five advanced lines bread wheat for saline conditions in the warm climate of the south, all five carried Lr 34 , i.e. 90% of advanced cultivars bread wheat to tolerate salinity contained Lr 34 . It seems that cultivars carrying Lr 34 could better tolerate stress conditions, and most cultivars previously introduced for areas with salinity stress in mild climates such as "Hirmand", "Sistan", "Neishabour", "Nicknejad", "Tajan", and "Darab2" contained Lr 34 . "Inia" is a cultivar resistant to salinity in experiments and also contained Lr 34 . "Star" is a late maturity cultivar, and is presently widely cultivated in Khuzestan Province. In evaluation of salinity resistance of wheat cultivars in laboratory and field conditions, the percentage of germination and seedling establishment of "Star" under saline conditions was good relative superiority. "Bam" was recently introduced for mild climate areas with soil and water salinity stress, and contains Lr 34 [27] . Cultivars that were not resistant to environmental stress such as salinity lacked Lr 34 , e.g. lines bread wheat for the northern climate or cultivars "Darya", "Golestan", "Alborz", "Kaveh", and "Bahar" ( Table 1) .
In the present research, 13 genotypes of durum wheat were also investigated, four cultivars and seven lines of which did not produce any bands to confirm the presence or absence of Lr 34 . A separate experiment for these cultivars was repeatedly conducted with positive and negative controls and a similar result was obtained. Absence of a reproduced band or piece in durum wheat was likely due to the lack of the D genome since Lr 34 is located on the small arm of chromosome 7 of genome D and primers should be placed on this part to be reproduced. Because of the absence of this genome in tetraploid cultivars (e.g. durum wheat), this piece was not reproduced in these cultivars.
Phenotypic Characterization
About 44 cultivars gave R or MR reactions in field assessment, among which only eight carried Lr 34 . Most cultivars (35 genotypes) contained Lr 34 or were MS. The estimated AUDPC for cultivars carrying Lr 34 was within 3% -440%/day, indicating that some cultivars may carry some other resistance genes as well as Lr 34 . This was confirmed by further studies conducted with other markers of race-specific genes on the same cultivars (unpublished data). In wheat cultivars with a combination of resistance genes genetic infection type with the highest resistance conceals the impact of the type with lower infection; therefore, these cultivars that contain race-specific resistance genes in addition to Lr 34 , an infection type of R or MR is seen instead of MS resistance type and the presence of Lr 34 is masked by other main genes. Accordingly, methods such as molecular methods which can easily identify this gene are important. The phenotypic method used currently relies on Ltn1 and makes it very difficult to recognize Lr 34 from the visual phenotype of leaves since Ltn1 does not express equally in different environments. This method requires a lot of experience and the results are not always correct.
AUDPC for the examined cultivars in the present study was within 3% -1410%/day. AUDPC of control susceptible "Bolani", which was repeated 13 times among the field-grown cultivars (was planted at the end of the experiment and after each plot of 10 cultivars as susceptible control), was calculated to be 960% -1410%/d, this difference in AUDPC is the result of environment.
AUDPC of other cultivars, except for that of the susceptible control (Check), was 3% -1160%/day. The lower AUDPC belonged to cultivars that were resistant due to their effective race-specific resistance genes and were discussed previously. The results showed that AUDPC of 500% -800%/day indicated a susceptible cultivar and AUDPC > 800 indicated a too susceptible one.
In this experiment AUDPC < 500 was regarded as acceptable resistance because about two months after an epidemic of the disease and at the time of maximum flag leaf efficiency in photosynthesis and grain filling, the maximum infection remained at 40 MS. The highest AUDPC for genotypes containing Lr 34 was for "Rasool", "Inia", and line C-86-5 with values 440%, 402%, and 340%/day, respectively. Most lines and cultivars containing this gene had AUDPC of about 200%/day and "Thatcher" had 300%/day. Accordingly, AUDPC of 250 -500 was considered as semi-susceptible or relatively resistant; AUDPC of 150 -250 was considered semi-resistant, and AUDPC < 150 was considered resistant.
The flag leaf plays a crucial role in grain filling. The surface of this leaf in susceptible cultivars can be rapidly covered with leaf rust pustules at the time of grain filling. As a result, the entire surface can be infected and so harms its function. However, cultivars containing Lr 34 are resistant to rapid development of the pathogen and delay it. The flag leaf of such cultivars is more capable of grain filling and incurs less damage.
In epidemics, leaf rusts do much damage to flag leaves; therefore, assessing resistance to leaf and yellow rust at the adult plant stage is very important in improvement programs. Most assessment of resistance to leaf rust is done on the flag leaf because severity of the disease on leaves reflects the primary growth of the pathogen and damage to the plant [24] . An obvious advantage of presence of Lr 34 /Yr 18 in cultivars is the absence of high intensities of infection at the end of the wheat growing season. However, cultivars that do not contain this gene can be highly infected by leaf rust during the whole growing season. Cultivars with race-specific genes, which are widely used in cultivars, are expected not to show long-term resistance for pathotypes that are virulent on the Lr 9 resistance gene. These were previously discussed by Kolmer [28] . However, if resistance of a race-specific gene is broken, Lr 34 prevents rapid epidemics of the disease and major damage. In all cultivars in which the presence of Lr 34 was shown by molecular marker, infection rate was less than in cultivars not containing this gene ( Table 1) . Field results confirmed the analysis results concerning the csLV34b marker ( Table 1) .
Lr 34 is believed to be dominant. The results clearly showed gradual rust resistance in heterozygous cultivars and with no difference for cultivars homozygous for this gene.
Cultivars not containing Lr 34 included 87 genotypes, divided into four groups according to resistance and susceptibility in field and greenhouse as follows.
The first group of seven genotypes was susceptible in the seedling stage and resistant in the adult plant stage: N-87-16, C-86-6, M-86-9, S-87-8, WS-85-10, and MS-84-16. These genotypes are crucial since they carry a gene or genes of adult plant stage resistance other than Lr 34 . Markers are needed to verify and identify the presence of these genes.
The second group included 57 genotypes resistant in both adult plant and seedling stages. This group contained race-specific resistance genes to the utilized genes. These genotypes may contain non-specific race resistance genes other than Lr 34 that are masked by the effect of specific resistance genes.
The third group included 17 cultivars which were susceptible in both seedling and adult plant stages. This group lacked adult plant stage genes and effective specific race genes to the applied isolate.
In the fourth group, five cultivars were resistant or immune in the seedling stage but susceptible in the adult plant stage. This showed that these cultivars lacked adult plant stage resistance genes; however, they were influenced by pathogen races other than those present in the seedling stage in the field. At the time of collecting spores and testing them in greenhouse condition, this race did not exist or was just part of the field's pathogenic population. The population or race which could infect these cultivars was not present in the population gathered and used in the greenhouse, or alternatively their frequency was low. Thus, they did not have the opportunity to appear under greenhouse conditions but could have greater effect in the field due to the longer time available.
Cultivars carrying Lr 34 were categorized into three groups, based on their reaction to leaf rust in field and greenhouse. Cultivars in the first group included 33 genotypes that were resistant in both seedling stage and adult plant stages, indicating that they contained effective race-specific genes other than Lr 34 .
The second category included two groups. The first group contains delight cultivars susceptible in the seedling stage and semi-resistant (MR) or semi-susceptible (MS) in the adult plant stage. This is characteristic of Lr 34 and these cultivars apparently carried only Lr 34 . The second group was "Aflak" and the line M-85-7. They were totally susceptible in the seedling stage and completely resistant in the adult plant stage. It seems that these cultivars lack the effective race-specific resistance gene to the utilized isolate. However, their high resistance in field conditions indicated that they contained a gene or genes of adult plant stage resistance other than Lr 34 . This makes them unique and they require further investigation.
Discussion
In the present study, in cultivars of Iranian origin Lr 34 was only present in cultivars and lines linked with the very old 22-66-1 lines of ill-defined pedigree. Almost all other Iranian cultivars containing this gene originated from international germplasm, especially from CYMMIT. Lr 34 was also present in cultivars of international germplasm. Introducing cultivars of CYMMIT origin into Iran has increased the frequency of Lr 34 in Iranian cultivars. Lr 34 has received much attention in recent years, since this gene is present in high frequency in CIMMYT bread wheat germplasm and derived cultivars with CIMMYT origin [29] .
Examination of 123 local cultivars (landraces) of Iran by Kolmer et al. [18] showed that only three cultivars (2.4%) had Lr 34 . Also, in other parts of the world, the csLV34b allele did not exist in most local cultivars and had a low frequency, compared with the general frequency in improved wheat cultivars. The incongruity of csLV34b occurring among improved and local cultivars may be directly or indirectly caused by improvement trials to combine Lr 34 /Yr 18 into new cultivars. Among international cultivars, those from CYMMIT showed high frequency (30%) of csLV34b.
The mentioned result was verified by assessing the infection, analysis of molecular markers, and data gathered through pedigree for presence of Lr 34 . Of 130 cultivars, which had Lr 34 according to pedigree, specific bands were produced in only 43. Due to the high sensitivity of this marker in detecting the Lr 34 gene allele, having pure seeds from the desired cultivars, and not mixing with other cultivars are critical to providing reliable results. Studies have shown that due to probable mistakes in data in pedigrees, it is crucial to apply specific molecular markers to confirm the presence of resistant genes against leaf rust in wheat cultivars. Many researchers have concluded that molecular markers are better for this prediction than pedigree data [30, 31] .
In the present study, cultivars selected and investigated in stress conditions had the highest percentage presence of Lr 34 and it seems that this gene was effective in increasing the tolerance of cultivars in environmental stress conditions. All chosen lines and cultivars of the warm and humid climate in the north of Iran lacked Lr 34 , and these cultivars were selected in environmental conditions without stresses such as drought, heat, cold, and salinity. The warm and dry climate of the south of Iran, followed by lines bread wheat lines for cold climates, had the highest frequency of Lr 34 .
Lr 34 belongs to the super family of ABC transporters that produce proteins connected to the plasma membrane, which plays an important role in transferring materials in and out of the membrane. ABC transporters can transport a wide range of materials that can be cytotoxic, including ions, so that they transport macromolecules against the diffusion gradient on both sides of the cell membrane [32, 33] . Drug transporters were primarily recognized in cancer cells which were resistant to drugs. These transporters carry the consumed drugs out of cancer cells and make the cells resistant to drugs. This mechanism was also discovered in drug-resistant fungi such that, in the resistant mutant fungi, gene expression or drug transporter genes and accordingly related proteins greatly increased. Consequently, by discharging more and lowering fungicide concentrations below the fatality threshold in fungal cells this causes resistance to fungicides. In addition to fungicide disposal, drug transporters can pass mycotoxin discharge of other fungi, natural antimicrobial compounds of other organisms, and plant defense compounds out of the cell and cause resistance in fungi [34] .
It seems that ABC transporters are one effective factor in resistance to salinity in plants. This system is probably active in cultivars resistant to salinity that contain ABC transporters, and extra salt ions are actively pumped out of the cells. As a result, transporters enable salinity tolerance in various cultivars or help the process of identi-
